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M
ineral-deposit geology is an im

portant 
control on natural contam

ination from
 

unm
ined m

ineral deposits, and on the 
environm

ental effects of m
ining and 

m
ineral processing.

The U. S. G
eological S

urvey, O
ffice of 

M
ineral R

esources (U
S

G
S

/O
M

R
) is now

 
integrating geology-based environm

ental 
assessm

ents into its m
ineral resource 

assessm
ents of public and other lands.

T
his report presents prototype m

ineral- 
environm

ental assessm
ents of the S

tate 
of C

olorado and the S
an Juan N

ational 
F

orest. The fo
llo

w
in

g
 pages w

ill show
 

exam
ples of how

 geologic inform
ation 

can be used to help predict and prevent 
adverse environm

ental effects of m
ineral- 

resource developm
ent.
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S
om

e E
nvironm

ental E
ffects of M

ineral D
eposits and 

M
ineral-R

esource D
evelopm

ent

The C
ause

A
cid R

ock D
rainage

M
ost m

ineral deposits 
contain su

lfid
e
 m

inerals 
such as pyrite (an iron- 
sulfide). 

W
hen oxygen-rich 

w
aters react w

ith sulfide 
m

inerals, they often acquire 
high concentrations of acid 
and o

f potentially to
xic 

elem
ents such as zinc, 

copper, cadm
ium

, and 
arsenic.

C
arbonate m

inerals such as ca
lcite

 
consum

e acid and can help reduce the 
a
cid

ity and concentrations o
f som

e 
m

etals (such as arsenic and copper) in 
m

ine w
aters. 

H
ow

ever, w
aters draining 

sulfide- and carbonate-rich m
ineral 

d
e

p
o

sits often are not acidic but still 
ca

rry high concentrations of som
e 

m
etals such as zinc.

S
olid M

ine W
astes

S
olid w

aste m
aterial such 

as m
ine w

aste dum
ps and 

m
ill ta

ilin
g
s can be m

ajor 
sources fo

r acid w
aters 

and m
etals in the 

environm
ent.

S
ulf ide-rich rocks are com

m
on 

in nature. 
A

cidic and m
etal- 

bearing w
aters that drain fro

m
 

these rocks can be a 
sig

n
ifica

n
t source of natural 

p
o

llu
tio

n
.

N
atural Iron S

pring, 
A

lam
osa R

iver

iiIM
f

U
nderground and open- 

pit m
ine w

orkings expose 
large am

ounts o
f su

lfid
e

s 
to

 w
eathering in an 

oxygen-rich environm
ent. 

T
he w

orkings then 
channel the resulting 
acid- m

ine drainage out 
into the environm

ent.

The R
esult

A
cid w

aters and to
xic m

etals 
can adversely affect w

ater 
quality, aquatic life, w

ildlife, 
and agriculture. T

hese effects 
underscore the need fo

r m
ore 

effective m
ethods fo

r 
p
re

d
ictin

g
 and rem

ediating 
the environm

ental effects of 
m

ineral developm
ent.



P
redicting the C

hem
istry of C

olorado M
ine 

D
rainages U

sing E
nvironm

ental-G
eology M

odels

E
xtrem

ely 
H

igh

M
etal 

concentration

V
ery low

M
ine w

aters draining
"Sum

m
itville-type"

m
ineral deposits

M
ine w

aters draining 
"Lead vine-type" 
m

ineral deposits

E
xtrem

ely 
H

igh
A

cid
ity

-^
 

V
ery L

o
w

 
 

M
ine-drainage w

ater 
Q

 
E.nc'ose paters draining geologically 

* 
v~

-' 
sim

ilar m
ineral-deposit types

This graph dem
onstrates the control of m

ineral-deposit type on 
m

etal contents and acidities of m
ine-drainage w

aters in C
olorado. 

M
ine w

aters w
ith higher acidities drain deposits w

ith greater pyrite 
contents and low

er carbonate contents. W
aters w

ith higher m
etal 

concentrations drain m
ineral deposits w

ith greater pyrite and sulfidi 
contents. 

Data collected and interpreted by W
. Ficklin, K. Sm

ith, G. Plum
lee.

X
J
f V

E
nvironm

ental-G
eology 

M
odels of M

ineral D
eposits

U
S

G
S

/O
M

R
 research show

s that 
different m

ineral-deposit types have 
characteristic environm

ental 
signatures (such as m

ine-drainage 
chem

istry) that are a predictable 
function of m

ineral-deposit geology, 
geochem

ical processes, clim
ate, and 

m
ining m

ethod.

The U
S

G
S

/O
M

R
 is currently 

developing general environm
ental- 

geology m
odels for various m

ineral- 
deposit types.

These m
odels define, for different 

m
ineral-deposit types, the likely 

environm
ental signatures that 

existed prior to m
ining and that 

result from
 m

ining.
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II. M
ineral R

esource-and M
ineral- 

E
nvironm

ental A
ssessm

ent of C
olorado 

for Selected M
ineral-D

eposit T
ypes

Iron terraces (foreground) precipitating from
 a 

natural acid spring, A
lam

osa R
iver, C

olorado
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M

in.ng D
istrict

F
igure M

odified From
 C

olorado W
ater Q

uality C
ontrol D

ivision, 
1989 C

olorado N
onpoint A

ssessm
ent R

eport.

M
ajor city or tow

n

The C
olorado W

ater Q
uality 

C
ontrol D

ivision has determ
ined 

that over 1300 m
iles of rivers and 

stream
s in C

olorado are affected 
by m

etals.

The origin of m
etals in m

ost 
affected C

olorado stream
s can be 

traced to w
aters draining m

ines, 
m

ine w
aste dum

ps, m
ine ta

ilin
g

s, 
or sm

elter sites.

In addition, a num
ber of unm

ined 
areas are natural sources fo

r m
etal 

contam
ination.

U
S

G
S

/O
M

R
 m

ineral-environm
ental 

investigations provide insights 
into the processes that control the 
availability, m

obility, and fate of 
m

etals in the environm
ent.



Lead in S
tream

 S
edim

ents of C
olorado

Lead concentrations greater 
than crustal average

Lead concentrations 4 tim
es 

greater than crustal average

Lake C
ity 

M
ining D

istrict 
A

!»im
«a 

M
ajor city or tow

n

D
ata source: 

N
ational U

ranium
 R

esource E
valuation

(N
U

R
E

) data contained w
ithin

the U
S

G
S

 N
ational G

eochem
ical D

atabase.
C

om
piled by S

. S
m

ith.

U
S

G
S

 R
egional

E
nvironm

ental G
eoscience

S
tudies

U
S

G
S

 regional geochem
istry and 

geophysics surveys m
ap the 

distribution of m
etals and other 

potentially hazardous m
aterials. 

T
hese surveys also help locate 

sources of natural and hum
an- 

induced environm
ental 

contam
ination.

A
 regional geochem

istry study in 
C

olorado show
s that the greatest 

lead concentrations in stream
 

sedim
ents occur around m

ining 
districts. 

Lead also com
es from

 
unm

ined m
ineralized areas.

In m
etropolitan areas, lead sources 

include autom
obile, sm

elter, and 
industrial em

issions.



"S
um

m
itville-T

ype" M
ineral D

eposit 
O

ccurrences in C
olorado

T
his m

ap enables land m
anagers to

 id
e
n
tify m

ining d
istricts like

ly to have m
ine-drainage 

problem
s th

a
t are chem

ically sim
ila

r to, but of sm
aller m

agnitude than, those found at 
S

um
m

itville. 
F

uture developm
ent of S

um
m

itville-type deposits sh
o
u
id

 plan fo
r the 

m
itig

a
tio

n
 of sim

ila
r m

ine-drainage problem
s.
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M
ajor m
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or district

S
m

aller m
ine, 

district, or 
prospect

A
rea of potential m

ineral- 
deposit occurrence

L
a

ke
 C

ity
 

M
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 D
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E
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g
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M

ajor city or tow
n

E
nvironm

ental-G
eology 

M
odel of "S

um
m

itville- 
T

ype " D
eposits

G
eologic characteristics:

  w
allrock is intensely altered to 
silica, alunite, kaolinite, and 
clays

  acid-generating ore m
inerals are 

abundant, including pyrite and 
copper- and arsenic-bearing 
su If ides.

  few
 m

inerals are present that react 
w

ith and consum
e acid generated 

by sulfide w
eathering

D
rainage-w

ater characteristics:

  highly acidic w
aters w

ith extrem
e 

concentrations of copper, zinc, 
arsenic, cobalt, uranium

, thorium
 

and m
any other m

etals.



"Leadville-T
ype" M

ineral D
eposit 

O
ccurrences in C

olorado

T
his m

ap enables land m
anagers to id

e
n
tify m

ining d
istricts likely to have drainage 

w
aters and other environm

ental effects that are chem
ically sim

ila
r to, but of sm

aller 
m

agnitude than, those fo
u
n
d
 in the m

ajor m
ining d

istricts of Leadville, B
reckenridge, 

O
ilm

an, and A
spen. 

F
uture developm

ent of Leadvilie-type d
e

p
o

sits should plan fo
r 

the m
itigation of sim

ila
r environm

ental effects.

A
spen 4

^

C
rested B

uttef tff'm

M
ajor m

ine or 
d

istrict
S

m
aller m

ine, 
district, or prospect

A
rea of potential 

deposit occurrence

M
ineral deposit types and terranes com

piled by S. Ludington, A
. W

allace, T. N
ash, B. B

erger, B
. M

oring. 

M
ining D

istrict 
?

*"""* 
M

a)or citV o
r tow

n

C
E

G
G

 
8

tats

E
nvironm

ental G
eology

M
odel of "Leadville-T

ype"
D

eposits
G

eologic characteristics:

  O
re consists of m

assive sphalerite, 
galena, and acid-generating pyrite

  O
re occurs in veins and as 

replacem
ents of carbonate-rich 

sedim
entary rocks such as lim

estones.

  S
om

e vein ores occur in igneous 
intrusive rocks that lack carbonates.

D
rainage w

ater characteristics:

  M
ine w

aters in m
ost carbonate-hosted 

ores generally have high concentrations 
of zinc but very low

 acidity.

  W
aters draining som

e m
ine dum

ps and 
m

ines lacking carbonate m
inerals m

ay 
be acidic w

ith high concentrations of 
zinc, cadm

ium
, lead, and arsenic.



A
pplications of R

egional G
eoscience Surveys and E

nvironm
ental- 

G
eology M

odels to L
and M

anagem
ent and R

esource Planning

REGIONAL GEOSCIENCE SURVEYS:

  M
ap and identify sources of m

etal contam
ination.

  A
re a cost-effective screening technique to help identify w

atersheds 
at risk for m

etal contam
ination.

ENVIRONM
ENTAL-GEOLOGY MODELS OF MINERAL DEPOSITS:

  U
se geologic characteristics to predict likely environm

ental 
signatures of different m

ineral deposit types. The signatures 
include, for exam

ple, the types, concentrations, and m
obilities of 

m
etals and other chem

ical elem
ents.

  A
llow

 m
ineralized areas and existing m

ining districts to be 
classified according to their likely environm

ental hazards.

  E
nable industry, regulators, and land-use planners to m

ore 
effectively predict and plan for the environm

ental effects that w
ould 

result from
 the developm

ent of identified and postulated m
ineral 

resource occurrences on public lands.
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W
hite alum

inum
-rich sedim

ents precipitating from
 

m
ine-drainage w

a
te

rs O
p
h
ir P

ass, C
olorado



Integrated M
ineral-R

esource and 
M

ineral-E
nvironm

ental A
ssessm
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of P

ublic L
ands: 

A
pplications for L

and M
anagem

ent and R
esource P

lanning

H
I. M

ineral-R
esource and M

ineral- 
E

nvironm
ental A

ssessm
ent of the 

San Juan N
ational Forest, C

olorado

o
w

M
ft.

o 
C

E
G

G

Iron-rich sedim
ents lining Terrace R

eservoir reflect
the effects of acidic natural and m

ine drainages on
the A

lam
osa R

iver, C
olorado



S
tream

s A
ffected by M

etals 
S

an Juan N
ational F

orest, S
W

 C
olorado

N
ational 
F

orest^ 
B

oundary
  +

+
-*

n
^

r
J
t*

r
jr

\ \ \ \\ \

C
olorado

Area of enlarged
figure above 

/
/

__ .      """

T
elluride*

M
ining D

istrict 

M
ajor T

ow
n o

r C
ity 

S
tream

 affected by m
etals

M
odified from

 C
olorado 1989 

N
on-P

oint A
ssessm

ent R
eport.

C
E

G
G

P
rototype M

ineral-R
esource 

and M
ineral- E

nvironm
ental

A
ssessm

ent, 
S

an Juan N
ational F

orest

U
S

G
S

/O
M

R
 is com

pleting a 
M

ineral R
esource A

ssessm
ent of 

the S
an Juan N

ational F
orest, S

W
 

C
olorado.

S
tream

s draining both existing 
m

ines and unm
ined m

ineralized 
areas have contributed to 
degraded w

ater quality in m
any 

stream
s and rivers (show

n in red).

E
xam

ple products of an integrated 
environm

ental assessm
ent of the 

F
orest are show

n in the next 
several pages.



M
ineral-R

esource A
ssessm

ent M
ap

S
an Juan N

ational F
orest, S

W
 C

olorado

Land tra
cts w

ith potential fo
r the occurrence of 

undiscovered m
ineral deposits of the fo

llo
w

in
g

 types:
Q

uartz-alunite gold-copper 
deposits (e.g. S

um
m

itville)

P
orphyry copper deposits

P
orphyry m

olybdenum
 

deposits

Lead-zinc-silver skarn / 
replacem

ent deposits

E
pitherm

al gold-silver-lead- 
zinc vein deposits

u<3 
U

ranium
 deposits 

££i£> 
G

old-telluride deposits 

M
ining D

istrict 
* Darango 

Tow
n

C
om

piled by T. N
ash, R

. V
anLoenen, N. F

oley.

I

E
nvfo

C
E

G
G

f
l

M
ineral-R

esource P
otential, 

S
an Juan N

ational F
orest

T
his m

ap identifies tracts of land 
that are geologically favorable for 
the occurrence of various 
undiscovered m

ineral-deposit types.

The tracts provide an indication of 
the location and nature of potential 
future m

ining activity that m
ight 

occur w
ithin the N

ational Forest.

G
eologic inform

ation com
piled in the 

m
ineral-resource assessm

ent is then 
coupled w

ith environm
ental-geology 

m
odels of m

ineral deposit types to 
develop the m

ineral-environm
ental 

assessm
ent.



E
n

viro
n

m
e

n
ta

l G
e

o
lo

g
y M

ap 
San Juan N

ational Forest, SW
 C

olorado

V
ery E

ffective A
cid N

eutraiizers:

R
ocks m

ineralogically altered and 
enriched in carbonates by 
m

ineralizing processes
C

arbonate-rich 
sedim

entary rocks

V
olcanic rocks

Ineffective A
cid N

eutraiizers:O
ther carbonate-poor rocks

P
otential A

cid G
enerators:

 
 

M
ining D

istrict

M
ajor T

ow
n or C

ity

Intrusive rocks

G
eologic m

ap units com
piled by G

. G
reen.

The Influence of G
eology on

S
tream

- and G
round-W

ater
C

hem
istry

D
ifferent rock types can 

strongly affect the chem
istry of 

w
aters that flow

 through or 
over them

.

R
ock units that contain 

abundant carbonate m
inerals:

  neutralize acid w
aters

  help m
itigate acid-m

ine 
drainage naturally

Intrusive rocks:
  often contain abundant 

pyrite (iron sulfide) that can 
generate naturally 
acidic and m

etal-bearing 
w

aters



A
cid

ity of S
urface W

aters
S

an Juan N
ational F

orest, S
W

 C
olorado

A
cidities of surface w

aters, including 
m

ajor stream
s show

n in blue, are 
denoted by the follow

ing m
ap colors:

A
cidic

Increasing f 
acidity 

|
N

ear-neutral
N

ear-neutral to 
alkaline

C
arbonate-rich rocks

M
ining district

M
ajor Tow

n or C
ity

D
ata source: N

ational U
ranium

 R
esource E

valuation (N
U

R
E

) data, 
collected 1976, U

S
G

S
 N

ational G
eochem

ical D
atabase.

' "'V
and

Influence o
f M

ining and R
ock 

T
ypes on S

tream
 A

cid
ity

The dow
nstream

 influence of m
ine- 

drainage on stream
 acidity is m

ost 
extensive for m

ineral-deposit types 
that:

  generate the m
ost acidic 

drainage w
aters and/or

  occur w
ithin carbonate-poor host 

rocks

E
xam

ples include the S
um

m
itville 

and R
ed M

ountain P
ass deposits.

P
yrite-bearing intrusive rocks, 

such as at Jura K
nob, are com

m
on 

natural sources of acidity.



M
ine D

rainage R
isk A

ssessm
ent 

S
an Juan N

ational F
orest, S

W
 C

olorado

A
reas affected by, or potentially at risk from

:

H
ighly acidic w

aters w
ith extrem

e m
etal concentrations

A
cidic w

aters w
ith high m

etal concentrations

N
ear-neutral w

aters w
ith high m

etal 
concentrations

 
 

M
ining D

istrict 

D
isrango 

M
ajor T

ow
n o

r C
ity

M
ajor stream

w
ith know

n
m

etal contam
ination:

M
ajor stream

 w
ith

potential for present or 
v

future m
etal contam

ination: 
X

 
s

Q 
C

E
G

G
&

G
eology-based

E
nvironm

ental R
isk

A
ssessm

ents of P
ublic Lands

E
nvironm

ental-geology m
odels of 

m
ineral deposits are used in 

conjunction w
ith m

ineral resource 
tracts to establish risk fo

r 
environm

ental hazards on public 
lands.

T
he risk assessm

ents are used to:

  H
elp identify and prioritize the 

study of existing hazardous 
m

ine sites

  H
elp predict and plan fo

r the 
environm

ental effects of future 
m

ineral developm
ent

A
ssessm

ent based on m
ineral-resource tra

cts com
piled by T. N

ash, R
. V

an Loenen, N
. F

oley



A
pplications of Integrated M

ineral-R
esource and

M
ineral-E

nvironm
ental A

ssessm
ents to 

L
and M

anagem
ent and R

esource Planning

GEOLOGY-BASED ENVIRONMENTAL RISK ASSESSMENTS:

  S
how

 the types of geologic inform
ation needed by industry, regulators, and land-use 

m
anagers to better assess the environm

ental effects of past, present, and future 
m

ineral-resource developm
ent.

  Identify the types and extent of environm
ental effects from

 m
ining districts and 

unm
ined m

ineralized areas.

  E
nable land m

anagers to better identify and prioritize the study of environm
entally 

hazardous m
ine sites w

ithin public lands.

  E
nable better prediction of and planning for the likely environm

ental consequences 
resulting from

 the developm
ent of m

ineral-deposit types w
ithin a land unit.

For exam
ple, environm

entally risky m
ineral-deposit types (such as S

um
m

itville-type 
deposits) should require extensive planning and engineering prior to developm

ent in 
order to m

inim
ize environm

ental effects on surrounding lands.

H
ow

ever, these deposit types could be developed w
ith low

er environm
ental costs if 

they occur in environm
entally favorable geologic units (such as those containing 

abundant carbonates).

C
E

G
G

A
cidic and m

etal-bearing w
aters drain sulfide-rich

m
ines, m

ine dum
ps, and unm

ined m
ineralized

ro
cks R

e
d

 M
ountain P

ass, C
olorado


